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DNA replication during human or simian cytomegalovirus (CMV) infection has been shown to be under control of a
replicator region referred to as oriLyt. The murine CMV oriLyt has been mapped to a region of the genome located upstream
of the gene encoding the herpesvirus-conserved single-stranded DNA binding protein, analogous to human and simian CMV
oriLyts. A minimal oriLyt of approximately 1.7 kbp has been identified using a transient replication system. Like occurs with
human and simian CMV counterparts, addition of flanking sequences to this minimal origin-stimulated replication efficiency.
Analysis of the DNA sequence in this region shows that murine CMV oriLyt is complex and exhibits an asymmetric distribution
of nucleotides as well as many repeat sequence elements, including distinct AT- and GC-rich regions and region with arrays
of closely spaced direct repeats. Despite similarities in organization of all three CMV oriLyts, no sequence identity and only
limited DNA sequence similarity was detectable. Consistent with this sequence divergence, the human and murine CMV
oriLyts were unable to substitute for one another in transient replication assays. q 1997 Academic Press
INTRODUCTION (Iskenderian et al., 1996). UL84, UL112-113, ie1/ie2, and
UL36-38 appear to be important in ways distinct from
Human cytomegaloviruses (CMV) is the prototype transactivation of gene expression, with UL84 exhibiting
member of the betaherpesviruses; however, biologically attributes consistent with a role in initiation (Sarisky and
similar viruses have been isolated from a wide range of Hayward, 1996). The complex nature of CMV oriLyt and
animal species (Plummer, 1973) and have been used to the failure to identify a homolog of the herpes simplex
study many aspects of viral pathogenesis, immunobiol- virus (HSV) 1 origin binding protein (OBP) in this subset
ogy, and molecular biology (Staczek, 1990). Human CMV of herpesviruses is reminiscent of the situation with Ep-
DNA replication initiates within a specific replicator re- stein–Barr virus (Baer et al., 1984; Hammerschmidt and
gion of the viral genome (Hamzeh et al., 1990) that has Sugden, 1988) where the viral transactivator BZLF1 plays
been defined by transient replication assay and desig- a critical role in initiation of replication (Schepers et al.,
nated oriLyt (Anders et al., 1992; Masse et al., 1992). 1993; Schepers et al., 1996).
oriLyt is located in a region adjacent to the gene encod-
Because human CMV replication is highly host spe-
ing the single-stranded DNA binding protein (ssDBP,
cies-specific, murine CMV has long served as a surro-
UL57) in human as well as simian CMV (Anders et al.,
gate virus for studies of latency, tissue tropism, and
1992; Anders and Punturieri, 1991; Hamzeh et al., 1990;
pathogenesis (Hudson, 1979; Osborn, 1982; Staczek,
Masse et al., 1992) and DNA fragments carrying oriLyt
1990). In addition, murine CMV infections in mice have
support virus-specific rolling circle DNA replication in
been widely used for preclinical evaluation of antiviral
infected, but not uninfected cells. Functions encoded by
compounds (Kern, 1996) most of which have been di-
11 viral genetic loci are required for human CMV oriLyt-
rected at DNA replication machinery that is conserveddependent replication (Pari and Anders, 1993), including
in both of these viruses (Chee et al., 1990; Rawlinson etsix herpesvirus-conserved functions that are likely to per-
al., 1996). Prior to the recent large scale sequencingform core replication fork functions (Pari and Anders,
efforts (Rawlinson et al., 1996), the positions of several1993; reviewed in Mocarski, 1995). At least 4 of the 11
herpesvirus-conserved murine CMV homologues wereloci implicated in human CMV DNA replication (ie1/ie2,
known, including the position of the genes encoding theUL112-113, UL36-38, and TRS1/IRS1) have been shown
DNA polymerase, pp50 (the putative polymerase pro-to exert a regulatory influence on gene expression
cessivity factor), ssDBP, and glycoprotein B genes (Elliott
et al., 1991; Loh et al., 1994; Messerle et al., 1992; Rapp
et al., 1992). This information prompted our investigation1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (415) 723-1606. E-mail: mocarski@stanford.edu. of the region adjacent to the ssDBP gene for oriLyt func-
2 Present address: Laboratoire de Genetique des Virus, CNRS, 91118 tion.
Gif sur Yvette, Cedex, France.
Here we describe an oriLyt residing the murine CMV3 Present address: Max-von-Pettenkofer Institute for Virology, 81377
Munich, Germany. genome at a position that is analogous to the position
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of this element in human as well as simian CMV. Pair sistance to digestion by DpnI (Peden et al., 1980). Twelve
microliters of DNA were linearized overnight in 20 ml finalwise comparisons revealed remarkably little sequence
conservation and is restricted to sequence patterns that volume with 10 units of HindIII, PstI, or XbaI (as indicated
in the Results) in the presence or absence of 20 units ofincludes short AT- and C-rich regions located between
imperfect inverted repeats (IRs) with a large array of GG- DpnI. RNAase A (at 10 mg/ml; Boehringer Mannheim)
was also present in all restriction digests. The digestedrich direct repeats (DRs) at the center. This work was
presented in 1992 at the 17th International Herpesvirus DNAs were electrophoretically separated on 0.7% aga-
rose gels and transferred to nylon membrane (HybondWorkshop.
N/, Amersham) in 1.5 M NaCl and 0.4 M NaOH according
to the manufacturers protocol. After an overnight hybrid-MATERIALS AND METHODS
ization (Church and Gilbert, 1984) using 25–50 ng of 32P-
Virus and cells random-primed labeled pBR322 (Feinberg and Vo-
gelstein, 1984), the filters were washed as describedMurine CMV, strain K181 (Osborn and Walker, 1971),
(Wahl, 1979) at 657 and autoradiographed on Kodak XARwas grown in NIH 3T3 cells (ATCC CRL 1658) using
film. Replication assays employing human CMV and hu-conditions that have been previously described (Stoddart
man fibroblasts were as previously described (Masse etet al., 1994).
al., 1992).
Transient replication assay
Plasmid construction
Transfection/infection transient replication assays
used previously described methods (Chu et al., 1987; All plasmid clones were made using the vector
pGEM3Zf/, except pON4401 and pON4402 were con-Masse et al., 1992). For transient replication assays in
murine fibroblasts, NIH 3T3 cells were seeded at 75% structed using pACYC184 (Chang and Cohen, 1978).
Plasmid clones of murine CMV (K181) HindIII D (a gift ofconfluency in 6-well cluster dishes (Costar), incubated
at 377 for 24 hr, trypsinized, and resuspended at a density D. H. Spector) and murine CMV (Smith) HindIII D (a gift
of U. Koszinowski) have been previously described (Ebe-of 107 cells/ml in Opti-Medium (Gibco-BRL). Test (10–40
mg) plasmids were mixed with control plasmids (1– 2 ling et al., 1983; Mercer et al., 1983). pON4401 and
pON4402 were made from XbaI or XbaI plus HindIII di-mg, pKS or pMT11, depending upon the size of the test
plasmid) and added to 400 ml of suspended cells after gestion of HindIII D (K181) as diagrammed in Fig. 1. A set
of internal deletions were created in pON4401 throughwhich cells were electroporated at RT using a Gene
Pulser (Bio-Rad) at 220 V and 996 mF. 0.6 mls of Opti- digestion with enzymes (NotI, NsiI, ApaI, DraIII, or MluI)
that did not cut in the pACYC184 vector. pON4403 andMedium supplemented with 10% NuSerum (Collaborative
Research), amino acids and antibiotics as previously de- pON4404 were generated in this fashion by NsiI and
NotI digestion, respectively. To generate pON4408 andscribed (Spaete and Mocarski, 1985) were added imme-
diately to the electoporation cuvettes and the cells dis- pON4409, pON4403 was digested with XbaI and NsiI,
and fragments were ligated with XbaI/PstI-digestedtributed equally among 4 wells of a 6-well cluster dish
that had 3 ml medium/well. After incubation for 24 to 36 pGEM3Zf/. pON4407 was constructed by digesting
HindIII D (K181) with EcoRI and ligating the 9.4-kbp EcoRIhr at 377 two wells were mock-infected while the two
other wells were infected with murine CMV at an m.o.i. J into EcoRI-digested pGEM3Zf/. pON4421 was sub-
cloned from pON4407 by double digestion with PstI plusof 2–5 and, following adsorption for 1 hr, cells were
incubated at 377 until 80 –100% cytopathic effect was BamHI, followed by ligation into PstI/BamHI-digested
pGEM3Zf/.observed, typically 2 days. We observed transfection effi-
ciencies of approximately 80% based on the number of pON4411 carried a 5.2-kbp PstI fragment cloned from
HindIII D (Smith). pON4419 was generated from pON-positive cells when a lacZ expression construct was in-
cluded. The cells from each group of two wells were 4411 through digestion with SalI and ligation. Digestion
of pON4411 with either EcoRV plus HindIII, NsiI pluscombined, lysed by addition of 1.5 ml of a solution of 1%
sodium dodecyl sulfate in 10 mM Tris–HCl (pH 8) and HindIII or ClaI plus XbaI, followed by removing or filling
the overhang with either Klenow or T4 DNA polymerase20 mM EDTA, and 300 mg of Proteinase K. Following
incubation at 567 for 3 hr and 657 for 1.5 hr, samples before ligation, generated pON4412, pON4415, and
pON4420, respectively. pON4414 was generated by clon-were extracted with phenol:chloroform:isoamyl alcohol
(25:24:1) in the presence of Phase-Lock Gel (5 Prime-3 ing a 3.6-kbp SmaI fragment from pON4411 into
pGEM3Zf/. pON4418 was generated through partial di-Prime, Inc., Boulder, CO), and then with chloroform, and
nucleic acids were precipitated at RT with isopropanol gestion of pON4411 with SmaI, isolation of the appro-
priate fragment, and ligation. To generate pON4416,alcohol in the presence of 0.3 M sodium acetate. The
pellet was washed with 70% ethanol and resuspended in pON4415 was digested with SmaI and ligated. To gener-
ate pON4417, pON4411 was digested with PstI plus100 ml of 10 mM Tris–HCl (pH 8), 20 mM EDTA. Plasmid
replication was assessed by evaluating test plasmid re- NdeI, the overhang was repaired, and the 3.7-kbp frag-
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ment was inserted into SmaI-digested pGEM3Zf/. most or all of the EcoRI J fragment, failed to replicate
(data not shown). The boundaries of the deletions sug-pON4424 was generated from pON4414 by digestion
with PstI, filling in the overhang and ligation. Restriction gested that oriLyt mapped adjacent to the position of
the ssDBP ORF within the left side of EcoRI J (Fig. 1A).maps of HindIII D (K181), pON4401, pON4403, pON4404,
pON4407, and several subclones were mapped by partial Consistent with this prediction, a clone of this EcoRI
fragment (pON4407) as well as a clone that containeddigestion with appropriate restriction enzymes.
the left side of this fragment (pON4409) replicated in
murine CMV-infected cells (Fig. 1 and data not shown).Sequence determination
The right side of EcoRI J (pON4408) failed to replicate in
Sequence determination was performed by the di- this assay. Thus, oriLyt appeared to be located within a
deoxy chain termination methods (Tabor and Richardson, 4-kbp region on the left side of pON4401 between an
1987) and as described by Messerle et al. (1991). An EcoRI (Mercer et al., 1983) and an NsiI site (Fig. 1A). This
EcoRI– BamHI (2.3 kbp, map units 0.396–0.406) and region lies upstream of the gene encoding the herpesvi-
BamHI–PstI (3.0 kbp, map units 0.408–0.416) were sub- rus-conserved ssDBP gene (Messerle et al., 1992) and is
cloned from HindIII D (Smith) into pUC19 (Vieira and positioned in a region analogous to the oriLyts previously
Messing, 1982). Sequence of the ends was obtained di- mapped in human as well as simian CMV (Anders et al.,
rectly from these clones, the remaining sequence was 1992; Anders and Punturieri, 1991; Masse et al., 1992).
obtained from overlapping subclones generated by di-
gestion with Bal31. The sequence between map units
Minimal oriLyt0.406 and 0.408 was obtained from plasmids pON4419
and pON4420, using specific primers covering both Restriction maps for ClaI, SalI, SmaI, NsiI, NdeI, EcoRV,
strands. When needed to reduce compression, 7-deaza- EcoRI, BamHI, and PstI were deduced from the nucleo-
dGTP was used in the sequencing reactions instead of tide sequence of EcoRI K (Smith) (see below) and were
ddGTP. The University of Wisconsin GCG package ver- determined by direct digestion of EcoRI J (K181) (Fig. 2A).
sion 7.1 was used for the analysis of the nucleic acid Restriction maps for these enzymes in this region were
sequence (Devereux et al., 1984), using the programs identical (data not shown). Even when the larger region
indicated in the figure legends. Analysis was performed was examined, few restriction site polymorphisms were
in parallel with both the oriLyt sequence and oriLyt-shuf- observed. For example, within the XbaI D fragment, the
fled sequence. The sequence has been deposited in Smith strain had an additional restriction site for BglII,
GenBank under Accession No. L07608. NdeI, and NotI, and one less site for DraIII; however, all
ApaI, BamHI, EcoRI, NsiI, and PstI restriction sites in this
RESULTS region were conserved (data not shown). In agreement
with a high degree of sequence conservation betweenLocation of murine CMV oriLyt upstream of ssDBP
strains, oriLyt-containing HindIII or EcoRI clones fromgene
either K181 or Smith appeared to function with similar
efficiency in the replication assay (data not shown).Based on previous work with human and simian CMVs
(Anders et al., 1992; Anders and Punturieri, 1991; Masse A 5.6-kbp PstI fragment, encompassing the right most
portion of EcoRI K, was cloned (pON4411) and shown toet al., 1992), we predicted that oriLyt would reside adja-
cent to the ssDBP gene in the murine CMV genome. replicate efficiently in infected cells (Fig. 2). The bound-
aries of oriLyt were deduced by introducing deletionsUsing a transient replication assay similar to that used
to map the human CMV oriLyt (Masse et al., 1992), a from either end of this fragment (Fig. 2A). Plasmids
pON4412, pON4414, pON4415, pON4416, and pON4417,plasmid clone carrying the HindIII D fragment from strain
K181 was tested for the ability to replicate in infected which removed a total of 1884 bp between the PstI and
NdeI sites, all replicated efficiently (Fig. 2B), in goodcells. As shown in Fig. 1, both this plasmid and a plasmid
clone of XbaI D (pON4401) were able to replicate as agreement with the results described above for pON4403
and pON4409. Deletions in the left side of the PstI frag-judged from the accumulation of DpnI-resistant DNA in
murine CMV-infected cells but not in uninfected cells. ment in pON4411 yielded a gradual reduction in replica-
tion efficiency. Whereas pON4417 and pON4418 repli-A clone containing the 4.3-kbp HindIII–XbaI fragment
(pON4402) derived from the left side of HindIII D failed cated as efficiently as pON4411, pON4419, and pON4420
exhibited a progressive decrease in ability to replicate,to replicate in this assay (data not shown).
To begin to map the position of oriLyt more precisely, and pON4421 failed to replicate at all. Thus, the 1066 bp
between the left most PstI and SmaI sites were dispens-several plasmid clones were derived from XbaI D (K181).
Plasmids carrying internal deletions were generated by able for oriLyt function, whereas the 661 bp between
this SmaI site and the SalI site used to make pON4419digestion with NotI, NsiI, ApaI, DraIII, or MluI, none of
which cut the vector. Two of these (pON4403 and appeared important as an auxiliary element that in-
creased efficiency of replication approximately 10-fold.pON4404, Fig. 1A) replicated as efficiently as the parent
plasmid (pON4401), whereas the others, which deleted The 158 bp between this SalI site and the ClaI site used
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FIG. 1. Localization of murine CMV oriLyt. (A) Diagram of plasmid clones. The top line represents a HindIII restriction map of the murine CMV
(K181) genome (Mercer et al., 1983) with the HindIII D fragment expanded below. The positions of EcoRI, XbaI, NotI, and NsiI restriction sites are
indicated and the ORF for the ssDBP is depicted by the open bar. The bottom lines depict a series of plasmid clones, some of which contain
internal deletions denoted by a n. The results of testing these plasmid clones in the transient replication assays (/, replication; 0, no detectable
replication) are summarized for each plasmid clone. (B) Transient replication assay. DNA blot hybridization analysis of test and control plasmids,
linearized with either XbaI (lanes 1–4) or with HindIII (lanes 5–16) and either digested or not digested with DpnI as indicated at the top of the
lanes. The position of test plasmids, control plasmids, and DpnI products are indicated by brackets to the left of the lanes. Each set of four lanes
includes DNA from mock-infected cells (lanes 1, 4, 5, 8, 9, 12, 13, 16) as well as from murine CMV (K181; m.o.i. of 5) infected cells (lanes 2, 3, 6,
7, 10, 11, 14, 15). Autoradiographs of digestion products following electrophoretic separation in a 0.8% agarose gel, transfer to nylon membrane,
and hybridization with a [32P]dCTP random-primed labeled pBR322 probe. Plasmids used for DpnI digestion control: lanes 1–4, pACYC184 (4.2
kbp); lanes 5–12, pKS (2.9 kbp); lanes 17–20, pMT11 (2.3 kbp).
to make pON4420, appeared to be important because fected cells and DpnI resistance of oriLyt-containing
test plasmids was only observed in infected cells.replication was reduced to levels barely above the limits
of detection. Thus, minimal oriLyt lies in the 1.7-kbp re- Thus, replication of test plasmids was dependent on
viral infection and required viral trans-acting factors.gion flanked by the ClaI (at nt 1293) and NdeI (at nt 3053)
sites. The need for flanking sequences, in this case the Finally, two types of analyses were included to demon-
strate that replication of test plasmids resulted in the820 bp between the SmaI and ClaI sites, to enhance
replication efficiency is reminiscent of results with human formation of concatemers rather than from adventitious
integration into the viral genome. First, a test plasmidand simian CMV oriLyts (Anders et al., 1992; Anders and
Punturieri, 1991; Masse et al., 1992). extracted from cells following electroporation and re-
striction enzyme digestion always exhibited the sameSeveral controls were performed to assure accuracy
of the results. First, to assess the completeness of electrophoretic mobility as the same plasmid isolated
from Escherichia coli (data not shown), consistent withDpnI digestion, a control plasmid was always included
during electroporation. In this way the replicating DNA the generation of head-to-tail concatemers. Second,
plasmid pON4424, which was made by removing thesignal was shown to represent DpnI resistance rather
than incomplete digestion by DpnI. Second, all replica- PstI site from pON4414, migrated as high molecular
weight DNA consistent with the generation of concate-tion assays were performed in parallel on mock-in-
AID VY 8473 / 6a2f$$$283 03-17-97 21:16:52 viral AP: Virology
354 MASSE, MESSERLE, AND MOCARSKI
FIG. 2. Fine-mapping of murine CMV oriLyt. (A) The top line depicts the positions of EcoRI, BamHI, ClaI, PstI, SalI, SmaI, NdeI, and NsiI restriction
sites on EcoRI K (Smith). The bottom lines depict plasmid clones used to fine-map oriLyt. The results of testing these plasmid clones in the transient
replication assays (/, replication; {, poor replication; 0, no detectable replication) are summarized for each plasmid clone. The minimal oriLyt
defined in this study is depicted as a shaded bar at the bottom. (B) Transient replication assay. DNA blot hybridization analysis of test and control
plasmids, linearized with PstI (pON4412) or HindIII (all others). Only murine CMV (K181; m.o.i. of 5) infected samples are shown. All test plasmids
failed to replicate in uninfected cells (data not shown). All samples were processed, digested with DpnI and depicted as described in the legend
of Fig. 1 except that a 0.5% agarose gel was used to separate pON4424 digestion products (lanes 19–22). The arrow to the right of the lanes
indicates the high molecular weight, concatemeric DNA observed when pON4424 DNA was exposed to PstI, which does not cut within the test
plasmid. Plasmids used for DpnI digestion control: lanes 1–18 and 19–20, pKS; lanes 17–18, pMT11).
mers during replication, and this high molecular weight human CMV (Masse et al., 1992) and compatible with
a rolling circle mechanism of herpesvirus DNA replica-DNA was resistant to digestion with PstI (Fig. 2B), sug-
gesting that homologous recombination into the viral tion (Roizman and Sears, 1995).
genome was not the source of the replication signal.
Similarly, infected cell DNA from cells transfected with Structure of murine CMV oriLyt
plasmid pON4412, from which the HindIII site was lost
The nucleotide sequence of EcoRI K was analyzed toduring cloning, migrated consistently as a high molec-
address: (a) variation in the percentage AT and GC, andular weight species even when exposed to this enzyme
for asymmetrically distributed runs of nucleotides (Figs.(data not shown). Therefore, replication of test plas-
3 and 4B), (b) the number and type of repeat elementsmids occurred independent of integration into the viral
(Table 1 and Fig. 4C), and (c) the distribution of consen-genome. The replication of oriLyt bearing plasmids
generated concatemers similar to those observed with sus binding sequences for transcription factors (Fig. 4D)
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FIG. 3. Nucleotide distribution within murine CMV oriLyt. The percentage of C and AT (W) was assessed between nts 800 and 3800 of the
sequence using the WINDOW program with a sliding window of 50 and a shift of 5. The dashed line gives the average value over this region for
the evaluated parameter. BamHI, ClaI, SalI, NdeI, and NsiI restriction sites in this region and a shaded box representing oriLyt are indicated.
and the distribution of ORFs (data not shown) between of the minimal oriLyt are AT-rich: nts 1024 to 1128 (73%
AT), 1261 to 1304 (84% AT), and 3112 to 3150 (79% AT).nt 1000 and the NdeI site at nt 3053. On the basis of
base composition and distribution of inverted repeats Within minimal oriLyt, where initiation of DNA replication
is likely to occur, there are three short AT-rich segments:(IRs), palindromes (Ps), and direct repeats (DRs), we sub-
divided this region into Domains I and II. The most strik- nts 1356–1390 (69% AT), 1408–1428 (71% AT), and 1487–
1510 (83% AT). Asymmetric runs of Ts and As are locateding feature of this region is the density and asymmetric
distribution of sequence elements (Fig. 4 and data not to the right of coordinate 2500 (Fig. 4). Immediately to
the right of the AT-rich region at nts 1561–1649, there isshown). Most Ps, IRs, and AT-rich regions, as well as
a majority of consensus binding sites for transcription a remarkable series of asymmetrically distributed runs
of C. Six runs of greater than five Cs and two runs con-factors, are found to the left, within a region we have
designated Domain I. Most DRs are found to the right taining nine Cs are located within this region. Combined
with the adjacent GC-rich region (Fig. 4) the segmentwithin a region designated Domain II. By comparison,
the region between nts 2600 and 3053 is relatively devoid between nts 1500 and 2400 exhibits a very high propor-
tion of pyrimidines, particularly C (53%), on one DNAof structural features.
We observed regions of highly variable base composi- strand and is notably low in A (less than 8%).
Aside from this asymmetric distribution of nucleotides,tion within oriLyt (Figs. 3 and 4B). Three regions outside
FIG. 4. Diagram of murine CMV oriLyt structure. (A) The top line shows BamHI, ClaI, SalI, NdeI, and NsiI restriction sites oriLyt above a scale in kbp. 
(B) Boxes describe the base composition of the sequence: GC-rich , AT-rich , asymmetric C-rich , and asymmetric T-rich  regions. (C) Schematic 
representations of Ps , IRs , and DRs  as described in Table 1. (D) Transcription factor binding sites for AP2 c, AP3 m, ATF r, NF-
IL6 j, SP1 , and TBP o . The bottom arrows delineate the two domains of murine CMV oriLyt.
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TABLE 1
Repeat Sequences in Murine CMV oriLyt
Repeat a Sequence Lengthb Coordinatec Distanced
IR1 TGGTTCACCGGCC 13 (0) 1141 3
P1 ATCGATAAatTTTCgACATCCGGTTGACCgaaGGTCAACCGGATGTtGAAAggTTATCGAT 61 (9) 1292 0
IR2 GTTATCgAtCccTATACAT 19 (4) 1344 6
IR3 GGGtTcAcTaGGGGTGcAA 19 (5) 1511 16
DR1 CCCCCCGCATCCCCCaCG 18 (1) 1613 4
P2 CGAGCCGGCcCG 12 (1) 1708 0
DR2e CCSGGMCCCCAGGACCAGCTCCCCGGCTWCSG 32 (£4)
DR3f CTCGGCTCCCCRG 10 (£1)
DR4 CCtC-GGACCAGCgCCCCGc--ACCCc 27 (7) 1778 9
CCCGGACCgCAGGACCAGCTCCCCGGCTACCGGCCTCGGCTCCCCGGACCC 51 (1) 1811 09
CCCGGACCCCAGGACCAGCaCCCCGG--ACCCG 33 (3) 1853 0
CCtGGCttCCcGGACCAGCTCCCCGGCTACCGGCCTCGGCTCCCCGG 47 (4) 1884 46
CCGGGCCCCCAGGACCAGCTCCCCGGCTACCGaCCTCGGaTCCCCGcACCC 51 (3) 1977 53
CCGGaCCtCCAGGACCAGCTCCCCGGCT 28 (2) 2081 24
CCCCA-GACCAGCgCCCC-GCT-CCCG 27 (4) 2133
DR5 CGGCTCGGCTCCCCAGCTTCCCGcCTACCgaCCTCGGCTCA 41 (3) 1936 63
DR6g GSTCCCGGTYCCYG 14 (£1)
DR7 GCTCCCGGTtCCTGTCCGGCTtCtCTCCCCGA 32 (3) 2150 0
(GCTCCCGGTCCCTGTCCGGCTTCCCTCCCCGA) 6 32 (0) 2182 0
DR8 GCTTCaTTGCaCCCTGCCCAGGTCCCGaTT 30 (3) 2387 66
IR4 CTGtCGGcCGAGGCACTGCT 20 (2) 2852 25
Note. -, position of gap when compared to other copies of a repeat.
a Inverted repeats (IR), direct repeats (DR), and palindromes (P) sequences are shown. For each set of repeats, the left arm of IRs is shown and
the nucleotide sequence of the first copy of a DR is given when only two copies are observed. When more than two identical copies of a DR are
present, the sequence is presented once. Lower case letters indicate mismatches and hyphens indicate gaps. Bold characters and underlining are
used to emphasize shared sequence within or between different repeat sets. DR were computed with the help of REPEATS and FINDPATTERNS
programs, IR and P with BESTFIT, FASTA, and STEMLOOP programs.
b Length (bp) of repeat with number of mismatched nucleotides and/or gaps indicated in parentheses. For DR2, DR3, DR4, and DR6, mismatches
are relative to consensus.
c Map coordinate of the first nucleotide of the first copy of each repeat or of each occurrence, if more than two copies are found in the sequence.
d Distance (bp) between the last nucleotide of first repeat and first nucleotide of either another copy or the next repeat.
e Underlined in DR4.
f Bold letters in DR4 and DR5.
g Found in DR7 (bold characters) and at coordinates 2374, 2470 (m  1), and 2503.
oriLyt contained remarkable sets of repeat sequences (Table 1) and tandem arrangement, with only one trans-
version among the entire set. A copy of DR6 lies withincontaining 10 or more nucleotides (Table 1 and Fig. 4C).
Three of four IR elements (IR1, IR2, and IR3) and large each DR7 and three additional copies are distributed to
the right of the tandem array of DR7s. Finally, DR8 isand small Ps (P1 and P2) are located in Domain I. P1,
an element of 61 nts which can form a 26-bp hairpin, is positioned adjacent to two of these copies of DR6. IR4,
along with a region with runs of As and Ts, is locatedflanked by AT-rich regions and IR2. IR3 is flanked by
another AT-rich region and overlaps a run of Cs at coordi- over 300 bp to the right of the DRs and may lie outside
of the region required for oriLyt function.nate 1561. DR1 is embedded in the region rich in runs
of C and includes two consensus AP2 transcription factor Most transcription factor binding sites are clustered
within Domain I; however, it is not yet clear whetherbinding sites sequences per copy. In total, seven AP2
sites are clustered within Domain I, reflecting the overall these are part of active promoters. The ssDBP ORF is
located more than 1000 bp to the left, making it unlikelyhigh density of Cs in this region.
Domain II contains the majority of DRs found within that these binding sites control expression of that
gene. It is possible that transcription within Domain IoriLyt, and lacks IRs or Ps of any significant size. DR4
extends over 380 bp and consists of seven complete or may be related to either expression of another gene
or, alternatively, to transcription-mediated initiation ofpartial copies of DR2 (32 bp) as well as three copies of
DR3 (13 bp) as depicted in Table 1 and Fig. 4C. Two DNA replication within or near AT rich elements as
has been suggested for human CMV oriLyt (Huang etcopies of DR5 are interspersed with DR4 (Fig. 4C) and
contain embedded copies of DR3 (Table 1). Seven copies al., 1996). There are five ORFs with coding capacities
greater than 100 codons within the oriLyt region (Raw-of DR7 (32 bp) are positioned adjacent to the right most
copy of DR4. These repeats are striking in their identity linson et al., 1996). Further analyses will be necessary
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betaherpesviruses and reaffirms a level of complexity
previously observed with primate CMVs. Although the
genomic position of oriLyt is preserved in all three CMVs
each is unique, exhibiting remarkably little conserved
sequence and failing to support replication in the pres-
ence of trans-acting replication functions provided by an-
other CMV. These two characteristics suggest a level of
evolutionary divergence much different than observed in
the alphaherpesviruses where DNA replication origins
exhibit common features and functionally interchange-
able elements (Stow and Davison, 1986). Our work on
murine CMV revisits several issues that have not yet
been clearly understood for any of the betaherpesviruses
due to the large size and relative complexity of oriLyts.
A comparison of DNA replication origins of four betaher-
pesviruses, human CMV, simian CMV, murine CMV, and
human herpesvirus (HHV) 6 (Fig. 6) yields a very limited
FIG. 5. Replication of human CMV and murine CMV oriLyt by homolo- set of common features, many of which have been sug-
gous or heterologous viruses. Replication assays following transfection gested in previous publications (Anders et al., 1992; An-
of 20 mg of either pON2404 (human CMV oriLyt, lanes 1–4) or pON4414 ders and Punturieri, 1991; Dewhurst et al., 1993; Hamzeh
(murine CMV oriLyt, lanes 5– 8) in either primary human fibroblasts
et al., 1990; Masse et al., 1992; Stamey et al., 1995). (i)(HF, lanes 1, 2, 7, and 8) or NIH 3T3 fibroblasts (3T3, lanes 3–6). The
The oriLyt in all betaherpesviruses is located upstreamtransfected cells were infected at a m.o.i. of 5 with the virus indicated
above the lanes. Cells were collected and DNA extracted when 100% of the ssDBP gene that itself is found within a very large
CPE was observed (7 days p.i. for human CMV and 2 days p.i. for conserved sequence block (Chee et al., 1990; Gompels
murine CMV). During linearization with HindIII, the DNAs were either et al., 1995; Rawlinson et al., 1996). (ii) oriLyt is large and
digested with DpnI (/) or not (0) to reveal replication signals.
contains domains that are distinguished by symmetri-
cally distributed nucleotides, significant numbers of re-
to reveal the role of transcription factor binding sites peat elements, and the density of putative transcription
in this region. factor binding sites. (iii) All examples of oriLyt include a
minimal region as well as an auxiliary region or regionsSpecificity of human and murine CMV oriLyt function
that dramatically enhance the efficiency of replication in
We investigated whether human CMV oriLyt was able a transient assay, although the role of these sequences
to replicate in murine CMV-infected mouse fibroblasts remains unclear.
and whether murine CMV oriLyt was able to replicate in We set out to evaluate the function of murine CMV
human CMV-infected human fibroblasts. oriLyt-con- oriLyt because this virus has been classified into a dis-
taining plasmids from each virus were introduced into tinct subgroup of betaherpesviruses (Roizman et al.,
productively infected cells, and replication was scored 1992). Unlike the CMVs, replication origins of HHV6 and
in a DpnI-resistance assay. Human CMV was found to HHV7 (Inoue et al., 1994; Nicholas, 1994; Nicholas, 1996)
stimulate the replication of its own (pON2404) but not contain binding sites for a herpesvirus-conserved OBP
the murine CMV (pON4414) oriLyt in permissive human adjacent to an AT rich dyad (Fig. 6). Our results suggest
fibroblasts. Murine CMV stimulated replication of its own that murine CMV oriLyt retains more overall structural
but not the human CMV oriLyt in NIH 3T3 cells (Fig. 5). similarity to human and simian CMV oriLyts than to oriLyt
Furthermore, replication of test plasmids occurred only of HHV6 or HHV7. The minimal oriLyt of HHV6 is smaller
during infection of permissive cells from the homologous than has been defined for human or simian CMV, al-
host species and not in nonpermissive cells. Thus, nei- though, like the CMVs, the function of minimal oriLyt
ther murine CMV nor murine CMV oriLyt replicated in is strongly influenced by additional flanking sequence
human fibroblasts, and neither human CMV nor human (Dewhurst et al., 1993). Our analysis identified common
CMV oriLyt replicated in mouse fibroblasts. These stud- structures and sequences that might be important for
ies show that oriLyt derived from murine and human CMV initiation of replication within a region of over 1.5 kbp,
lack sufficient similarity to be functionally interchange- similar to the other CMVs distinct from HHV6 (Dewhurst
able, which is a result similar to that observed when et al., 1993). Furthermore, murine CMV does not carry a
simian and human CMV oriLyts were tested (Anders and homolog of the HSV-1 OBP (Rawlinson et al., 1996), which
Punturieri, 1991). places this virus closer to the other CMVs and more
distant from the lymphotropic betaherpesviruses (Inoue
DISCUSSION et al., 1994; Nicholas, 1996).
As previously shown for human and simian CMV,The mapping and functional dissection of murine CMV
oriLyt extends our understanding of replicators in the and now also for murine CMV, oriLyt extends over a
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FIG. 6. Comparison of the overall features of the betaherpesvirus oriLyts. Top line is a size scale (in nts). DRs , IRs , or OBP sites  are indicated 
above each line and AT-rich , asymmetric C , and GC-rich  regions, are indicated below each line. Numbering refers to the sequence coordinates 
of oriLyt and the double arrows delineates functional domains as reported here or previously (Anders et al., 1992; Anders and Punturieri, 1991; Dewhurst 
et al., 1993; Masse et al., 1992; Stamey et al., 1995).
 
 
 
large region of the viral genome and contains a high man CMV oriLyt, which is analogous to P1 adjacent to
the only AT-rich region of murine CMV oriLyt. Interest-density of repeat motifs; however, there is little, if any,
primary sequence identity shared between any of ingly, these palindromes lie in a position within the
CMV oriLyts that is analogous to the HHV6 OBP sitesthese (Anders et al., 1992; Masse et al., 1992). We
found that murine CMV oriLyt is contained within a 1.7- (Fig. 6). This characteristic as well as the position of
these elements adjacent to the 3* end of transcriptskbp region which is similar to the size we and others
have determined for oriLyt in human CMV (1.5 to 2.4 thought to play a role in initiation of human CMV oriLyt
(Huang et al., 1996) suggests that they may be criticalkbp) (Anders et al., 1992; Masse et al., 1992) or simian
CMV (1.7 kbp) (Anders and Punturieri, 1991). Repeats for the initiation process. These data reinforce the sug-
gestion that CMV oriLyts may be more related in overallhave been a dominant feature in all of these oriLyts.
Similarity among CMV oriLyts includes many common sequence organization, sequence characteristics, and
density of repetitive elements than in the presence ofsequence characteristics but little sequence homol-
ogy. Analysis of the murine CMV oriLyt sequence precisely conserved sequence elements.
CMV oriLyts may have evolved to be both virus-spe-shows a dichotomy between the right side of oriLyt,
which is relatively AT-rich and which contains most of cific and complex due to host cell adaption or require-
ment for host cell functions in initiation. The need forthe IRs, and the left side, which is GC-rich and contains
mostly DRs. This asymmetrical organization has been flanking sequences in addition to a minimal region
raises the possibility that sequence elements augmentnoted for oriLyts of the other CMVs as well as for HHV6
(Anders et al., 1992; Gompels et al., 1995; Inoue et initiation as transcriptional enhancers or promoters.
The observed reduction in replication signal with pro-al., 1994; Masse et al., 1992; Nicholas, 1994, 1996),
although a functional consequence of this distribution gressive removal of sequences from the left side of
murine CMV oriLyt is consistent with such a role.is not yet clear for any virus. All CMVs have one large
repeat structure (DR3 in simian CMV oriLyt, DR4-IR7- Whether transcripts function in the replication process
itself, as proposed by Huang et al. (1996), or whetherIR8 in human CMV oriLyt, and DR7 in murine CMV),
which is pyrimidine-rich on one DNA strand and there- transcription elements play a more passive role en-
hancing replication as has been well-documented infore scores as a stretch of primary sequence identity
shared by these origins. A downstream element has other herpesviruses (Gruffat et al., 1995; Wong and
Schaffer, 1991), will require additional investigation.been described in EBV oriLyt that consists of an assy-
metric distribution of pyrimidines (Schepers et al.,
1993). The presence of seven copies of DR2 in the ACKNOWLEDGMENTS
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